variants, and Shaker-type K ϩ channels (Kim et al., 1995; subunit (ct-GluR2;  corresponding to amino acid residues Glu-834 to Ile-883) as a "bait" to screen a rat brain Kornau et al., 1995; Sheng, 1996; Niethammer et al., 1996) . In addition, the AMPA receptor subunits GluR2 cDNA library. NSF was identified as a strong interacting protein, and the association between ct-GluR2 and NSF and GluR3 contain the related C-terminal sequence -SVKI, which binds to a synaptic PDZ-containing protein was confirmed by cotransforming yeast with the two isolated plasmids. Transformants displayed robust histicalled glutamate receptor interacting protein (GRIP; Dong et al., 1997) . GRIP has been proposed as an dine (His) autotrophy and ␤-galactosidase activity (Figure 1a) . Yeast harboring plasmids encoding the C-termiadapter protein, which may couple AMPA receptors to anchoring and signaling proteins and mediate AMPA nal domains of the closely related AMPA receptor subunits GluR1 or GluR4, with the kainate receptor subreceptor clustering.
In this study, we report the specific interaction beunit GluR6 or with the NMDA receptor subunit NMDAR1, showed no interaction with NSF. However, a weak intertween the C-terminal domain of GluR2 with NSF. Our results indicate a previously unsuspected association action between NSF and ct-GluR3 was detected. Yeast cotransformed with NSF and ct-GluR3-containing plasbetween two major proteins involved in neuronal transmission, and we also provide functional evidence for a mids grew, albeit poorly, on His-deficient media, and in ␤-galactosidase filter assays staining above backpostsynaptic role for NSF in regulating AMPA receptormediated neurotransmission.
ground levels was observed, although in the more quantitative liquid ␤-galactosidase assays the interaction was not apparent (Figures 1a and 1b) . Results
Detection of the Interaction between
All of the NSF Protein Is Required for the GluR2 Interaction ct-GluR2 and NSF Utilizing the yeast two-hybrid system (Fields and Song, NSF from Chinese hamster ovary (CHO) cells has been extensively characterized and contains three distinct 1989), we used the C-terminal domain of the rat GluR2 (a) Alignment of ct-GluR2 with ct-GluR1, ctGluR3, and ct-GluR4. The residues in the sequences are numbered 1-50 with 1 corresponding to the first amino acid after the last hydrophobic domain (Glu-834) of GluR2. The ct-GluR2 sequence has 72% identity with GluR3 (with mainly conservative substitutions), 28% identity with GluR1, and 32% identity with GluR4. (b) To determine the precise region of interaction, a series of overlapping deletion mutants of ct-GluR2 were constructed using specific primers and PCR. (c) Following insertion into pBTM116ADE2, the deletion mutants were tested for interaction with NSF in yeast by filter ␤-galactosidase assays. Two independent yeast colonies are shown for each cotransformation.
protein domains, an N-terminal (N-domain, residues between GluR2 m and either GluR2 r (Ala-852 to Pro) or the rat GluR4 alternative splice variant GluR4 c (GluR4c r ; 1-211) and two homologous ATP-binding domains (ATPdomain I, residues 212-495; ATP-domain II, residues
Asn-851 to Ser; Table 1 ). GluR2 m , but not GluR4c r , also interacted with NSF in ␤-galactosidase filter assays 496-752) (Tagaya et al., 1993) . The rat brain NSF we have isolated has 94% identity with CHO cell NSF. Therefore, (data not shown). based on the sequence of CHO cell NSF, we constructed rat brain NSF mutants corresponding to the N-domain Biochemical Verification of the Interaction between GluR2 and NSF alone, the N-domain and ATP-domain I, and ATP-domains I and II. Using these, we tested for interaction with the The interaction between NSF and ct-GluR2 determined by the two-hybrid assay was confirmed biochemically ct-GluR2 by liquid ␤-galactosidase assays ( Figure 1c ). All three peptide domains of NSF are required for effiusing glutathione S-transferase (GST) fusion protein affinity chromatography. GST fusion proteins were concient association with ct-GluR2, suggesting that the spatial conformation of NSF may be important for the structed with the C-terminal domains of the subunits GluR2 (GST-ct-GluR2) and GluR3 (GST-ct-GluR3). The interaction to occur (Figure 1d ). highly homologous (Figure 2a ), the selectivity of NSF for
Identification of the NSF-Binding
GluR2 must reside in a region of amino acid differences.
To identify the site of interaction in more detail, we con-
structed a series of overlapping truncation mutants of
ct-GluR2 and tested for interaction with NSF by ␤-galacGluR2m denotes the amino acid sequence present in the C-terminal tosidase assays (Figures 2b and 2c ). Only mutants condomain of the mouse GluR2 subunit from residues 844 to 853. GluR2r taining the 10 residues from Lys-844 to Gln-853 gave a is the corresponding sequence from the rat GluR2 subunit, and robust ␤-galactosidase response, and a peptide comGluR4c r is from the rat GluR4c r alternative splice variant. GluR2 s prising just these 10 amino acids (⌬11; GluR2 r ) displayed denotes the scrambled version of the mouse GluR2 sequence. Differences in residues from the GluR2 m sequence are underlined. It as strong an interaction with NSF as the entire C termiis important to note that there is only a single residue difference nus. We also tested for interaction with the region correbetween GluR2m, the most potent inhibiting peptide tested, and sponding to ⌬11 from mouse ct-GluR2 (GluR2 m ). Within
GluR4cr, which was inactive.
this region, there is only a single amino acid difference resultant fusions were immobilized on glutathione Sepharose and tested for their ability to retain recombinant His 6 -tagged CHO cell NSF. Crude lysate from His 6 -NSF-expressing bacteria was applied to control and GST-ct-GluR2 Sepharose, and an example Coomasie blue-stained gel demonstrating the specific retention of His 6 -NSF is shown in Figure 3a . It is important to note that, in these experiments, a band corresponding to His 6 -NSF is the only band retained by the GST-ct-GluR2 lane that is not present in the control GST lane. Immunoblots using the anti-NSF monoclonal antibody (mAb) 2E5 (Tagaya et al., 1993) show that the amount of His6-NSF retained by the GST-ct-GluR2 Sepharose decreases markedly with sequential washes, suggesting the interaction is readily reversible under the conditions used (Figure 3b ). The selectivity of interaction between NSF and ct-GluR2 versus ct-GluR3, determined by the two-hybrid assay, was confirmed by immunoblot analysis ( Figure 3c ). Consistent with the two-hybrid results, slight binding of His 6 -NSF to GST-ct-GluR3 Sepharose was observed under relatively mild wash conditions, but this interaction was far less robust than that observed with GST-ct-GluR2 and was lost under more stringent wash procedures. The ability of specific synthetic peptides (Table 1) to prevent the binding of His6-NSF to the GST-ct-GluR2 Sepharose was also tested (Figure 3d) . Consistent with the two-hybrid data, the GluR2r and GluR2m peptides, but not the GluR4cr peptide, blocked retention of His6-NSF by the GST-ct-GluR2 Sepharose.
To confirm that the interactions observed using recombinant His 6 -tagged CHO cell NSF also occur with native rat brain NSF, we tested for retention of native rat brain cytosolic NSF by GST-ct-GluR2 Sepharose. As shown in Figure 3e , rat brain NSF binds specifically to the GST-ct-GluR2. Under our experimental conditions, the proportion of NSF retained by GST-ct-GluR2 is low, suggesting that other protein(s)-for example, plasma membrane-or endoplasmic reticulum-associated pro- (DTT) is included to stabilize the NSF, we also performed 
The use of this method ensured that the interaction was
Effects of Anti-NSF Antibodies on AMPA Receptor-Mediated EPSCs disrupted only at a postsynaptic locus in the cell from which the recording was made. After obtaining a stable, An unlikely, but theoretically possible, explanation for the decrease in AMPA receptor EPSCs is that GluR2 m low series resistance recording, AMPA receptor-mediated excitatory postsynaptic currents (EPSCs) were and GluR2 r , but not GluR2 s and GluR4c r , peptides not only interfere with the GluR2-NSF interaction but also evoked by electrical stimulation of afferents in stratum radiatum, and EPSC amplitude was monitored for at act at some other site to antagonize AMPA receptormediated EPSCs-for example, by acting as AMPA releast 30 min. Series resistance and input resistance were continuously measured online to ensure that the receptor channel blockers. To exclude this possibility, we employed a second approach in which we introduced cordings were stable. A similar strategy of synthetic peptide infusion has been used recently to investigate anti-NSF mAbs into neurons. We used two mAbs raised against CHO cell NSF (Tagaya et al., 1993) ; one of these the involvement of NSF in the regulation of neurotransmitter release kinetics from the squid giant presynaptic antibodies (mAb 2E5) recognizes rat brain NSF, whereas the other (mAb 2C8) does not (M. T., unpublished data). terminal (Schweizer et al., 1998) .
Infusion into CA1 neurons of either GluR2 m or GluR2 r , In every other respect, the antibodies are identical, and therefore mAb 2C8 provides an ideal control for any peptides that block the interaction between NSF and the GluR2 subunit, invariably caused a rapid reduction effects observed using the mAb 2E5. The rationale behind these experiments is that in rat neurons the mAb in EPSC amplitude ( Figure 4 ). This reduction in EPSC amplitude was not associated with any change in EPSC 2E5 should bind specifically to NSF and block its function, as has been shown previously in endoplasmic time course (scaled traces, Figures 4a 1 and 4b 1 ) . Pooled data are shown in Figure 5 . The infusion of the GluR2m reticulum (ER) to Golgi transport assays in MDCK cells (Ikonen et al., 1995) . Consistent with the peptide experipeptide caused the mean EPSC amplitude to decrease to 58% Ϯ 6% of baseline after 30 min (n ϭ 18 pathways ments, the mAb 2E5 (50 g/ml) caused a large reduction in EPSC amplitude (at 40 min: 59% Ϯ 8% of baseline, from 11 cells, p Ͻ 0.001; Figure 5a ). In interleaved controls using the inactive GluR2s peptide, no significant n ϭ 10 pathways from 5 cells, p Ͻ 0.001; Figures 6a and 6b). In interleaved controls, the mAb 2C8 (50 g/ change was observed (at 30 min: 93% Ϯ 8% of baseline, n ϭ 19 pathways from 11 cells, p Ͼ 0.5; Figure 5b ). Infuml) had no significant effect on EPSC amplitude (at 40 min: 95% Ϯ 12% of baseline, n ϭ 12 pathways from 6 sion of the GluR2 r peptide resulted in a reduction in the mean EPSC amplitude to 77% Ϯ 8% of baseline (n ϭ 18 cells, p Ͼ 0.5; Figure 6c ). As would be expected from the difference in the size of the molecules, the time pathways from 9 cells, p Ͻ 0.05; Figure 5c ). Interleaved control experiments using the inactive GluR4c r peptide course for the onset of the reduction induced by infusion of mAb 2E5 was delayed by several minutes compared caused no significant reduction in EPSC amplitude (at 30 min: 92% Ϯ 13% of baseline, n ϭ 14 pathways from to the effects seen with peptide infusion (open circles, Figure 6b ). 7 cells, p Ͼ 0.3; Figure 5d ). It should be reemphasized here that there is only a single amino acid residue difference between GluR2m and either GluR2r or GluR4cr.
Effects of Interacting Peptides on AMPA Responses in Cultured Hippocampal Neurons GluR2m and GluR2r both block the NSF-GluR2 subunit interaction in the biochemical assays and also cause
In a separate series of experiments, whole-cell recordings were made from cultured rat hippocampal neua reduction in EPSC amplitude. In contrast, GluR4cr, which exhibits no activity in the biochemical assays, rons, and either GluR2 m or GluR4c r peptides were included in the whole-cell solution. In these experiments, had no effect on EPSC amplitude (Table 2 ). This is strong evidence that the reduction in AMPA receptor-mediated the response to local application of AMPA (100 M, 1 s) was monitored every 5 min. GluR2 m caused a reduction EPSC amplitude observed with the GluR2 m and GluR2 r peptides is due to disruption of the NSF-GluR2 subunit in AMPA current amplitude at 30 min to 72% Ϯ 7% (peak, p Ͻ 0.05) and 77% Ϯ 9% (steady state, p Ͻ 0.05) interaction in the postsynaptic neuron. of the baseline amplitude (at 5 min after obtaining wholeamino acid is changed no two-hybrid interaction with NSF occurs. The ct-GluR3, which does not interact cell access; Figures 7a and 7c) . However, no reduction in amplitude was observed in experiments using GluR4cr strongly with NSF, also contains Asn-851 but differs in three of the adjacent residues. This suggests that (at 30 min relative to at 5 min, peak amplitude ϭ 104% Ϯ 6%, steady-state amplitude ϭ 109% Ϯ 9%, p Ͼ 0.2 in although the Asn is crucial, other adjacent residues are also required for robust interaction with NSF. From both cases; Figures 7b and 7c) .
these experiments, we deduce that the consensus site for NSF recognition is contained within the sequence Discussion VAKN-(P/A)-Q. A BLAST database search revealed no homologous sequences in other known NSF-interacting Here, we provide evidence that NSF interacts directly and specifically with a neurotransmitter receptor, the proteins, including ␣-and ␤-SNAPs, SNAP-25, synaptobrevin, syntaxin, n-Sec1, or Munc-18-2 (reviewed by GluR2 subunit of AMPA receptors. The site of interaction on GluR2 comprises an amino acid sequence not pres-Sü dhof, 1995). This finding raises the possibility that NSF and GluR2 could form only one part of a functional ent in other proteins known to bind to NSF. Blockade of this interaction in neurons by infusion of excess peptide complex that includes other NSF-binding proteins.
Our recombinant protein experiments demonstrate corresponding to the interaction site on GluR2, or with an anti-NSF mAb, causes a rapid reduction in the amplithat NSF can bind to GluR2 in the absence of SNAPs. There is precedent for NSF binding in the absence of tude of AMPA receptor-mediated EPSCs. In cultured hippocampal neurons, the GluR2 m peptide also causes SNAP, for example, in vacuole docking in yeast (Mayer et al., 1996) . This does not, however, preclude an a reduction in the response to exogenously applied AMPA. These results suggest that the direct interaction involvement of SNAPs in the GluR2-NSF complex in vivo. Although we have not tested the roles of SNAPs of NSF with the GluR2 subunit of AMPA receptors in the postsynaptic cell is important in regulating glutadirectly, in complementary experiments it has been shown that SNAPs are not essential for NSF binding to matergic synaptic transmission.
GluR2, but that NSF GluR2 and SNAPs will coimmunoprecipitate from rat brain extracts, implicating the exis-NSF-Binding Site on GluR2 Our two-hybrid and biochemical evidence indicate that tence of a SNAP receptor (SNARE) complex containing GluR2-NSF-SNAPs (Osten et al., 1998) . In an attempt a major specificity determinant of the NSF interaction on ct-GluR2 appears to be Asn-851, since when this to further investigate the involvement of SNAPs in the Effect predicted from biochemical assays
Based on the hypothesis that disruption of the interaction between NSF and the GluR2 subunit is the cause of the decrease in AMPA-mediated EPSCs, Table 2 shows that there is an exact correlation between the effects observed in the biochemical assays and in neurons. (↓) denotes a decrease in AMPA-mediated responses in neurons, and (-) denotes no change. (c) Summary graph of AMPA current peak amplitude from GluR4c r (closed squares, n ϭ 5) and GluR2m experiments (closed circles, n ϭ 6). AMPA was applied every 5 min, and the peak current amplitude was normalized to the first application within 5 min of going whole cell. It should be noted that assuming that the GluR2 m peptide had started to depress AMPA receptor-mediated responses within 5 min, the percent depression values shown will be underestimates GRIP, a protein proposed to be involved in AMPA recep-(c) Summary graph for the controls (interleaved with 2E5 experitor clustering, binds to the extreme C-terminal tail of ments) using the 2C8 antibody (n ϭ 12 pathways/6 cells).
both GluR2 and GluR3, at a site some 25 amino acid residues distant from the NSF site on GluR2. Based mainly on data obtained for the nicotinic acetylcholine receptor (reviewed by Green and Millar, 1995) , it is be-NSF-GluR2 pathway in vivo, we used p47, a protein that inhibits the NSF pathway in Golgi cisternae (Rabouille lieved that the glutamate receptor heterooligomers are preassembled prior to incorporation into the synaptic et al., 1998). We found that in recordings from CA1 pyramidal cells, inclusion of p47 (100 g/ml) in the wholeplasma membrane. Therefore, only certain of the AMPA receptor subunits need to interact with proteins involved cell solution had no effect on AMPA receptor-mediated synaptic transmission (unpublished data). However, these in plasma membrane insertion. A key feature of the GluR2 subunit is that its inclusion, in its edited from, in active state, and disruption of the interaction causes increased deactivation or desensitization of the channel. the AMPA receptor complex renders the channel impermeable to Ca 2ϩ . Since Ͼ99% of GluR2 subunits are However, since no change in EPSC kinetics was observed during peptide block, our data argue against a edited (Burnashev et al., 1992) , this means that essentially all GluR2-containing AMPA receptors are Ca 2ϩ imchange in the rate of AMPA receptor deactivation or desensitization. Nonetheless, we cannot exclude the permeant. Therefore, AMPA receptors inserted into the plasma membrane via an NSF-dependent mechanism possibility of complete inactivation of channels. A further possibility is that the binding of the active peptides will have a low Ca 2ϩ permeability. Although low Ca 2ϩ permeability is a feature of many or of the active mAb to free NSF, in the postsynaptic neuron, could inhibit one or more of its other functions, excitatory synapses, including those present on CA1 pyramidal neurons, some interneurons express AMPA not directly related to the interaction of NSF with GluR2, to reduce AMPA receptor-mediated synaptic transmisreceptors, which lack GluR2 and consequently display a high Ca 2ϩ permeability (Jonas et al., 1994) . Furthersion. This would require both the two interacting peptides and the active mAb preventing NSF interaction more, AMPA receptors are present at CA1 synapses in the GluR2 knockout mouse, although AMPA receptorwith other proteins via an indirect mechanism, such as an alteration in conformation or via steric hindrance. For mediated EPSCs are reduced by ‫%05ف‬ compared to wild-type littermates (Jia et al., 1996) . Thus, NSF-indethe peptide block, however, it seems improbable that the binding of a decapeptide could act in this way. pendent mechanisms for AMPA receptor insertion must also exist.
Incomplete Inhibition of AMPA Receptor-Mediated Synaptic Transmission Mechanisms by which NSF Regulates
Infusion of the interacting peptides into neurons did not AMPA Receptor Function cause a complete blockade of synaptic transmission Considering the known functions of NSF, perhaps the even after extended recording periods (response inhibsimplest explanation of our results is that there is a rapid ited by 60% after 100 min of recording in slices; data NSF-dependent insertion of a fraction of preassembled not shown). One possibility is that this could be due to GluR2 subunit-containing AMPA receptors at the postincomplete access of the peptides to all of the sites of synaptic membrane, whereas the removal of receptors interaction. However, the finding that the peptides and is independent of the NSF-GluR2 interaction. In this mAb 2E5, despite their widely differing molecular weights, model, GluR2 would correspond to the v-SNARE as dedepressed AMPA receptor-mediated synaptic transscribed for neurotransmitter release (reviewed by Sü dmission to a similar extent argues against this. A second hof, 1995). NSF could perhaps be a chaperone protein possibility is that the surface expression of a fraction of acting in a manner analogous to that proposed for disas-AMPA receptors at CA1 synapses is regulated by NSFsembly of the SNARE complex at the presynaptic termiindependent mechanisms. A third explanation is that a nal (Hayashi et al., 1995) . NSF-mediated disassembly of proportion of AMPA receptors in the synaptic plasma the SNARE complex has been proposed to occur after membrane are relatively stable. If these receptors do membrane fusion and is thought to act as a priming not undergo rapid recycling, they should be insensitive step for the next fusion event (Hanson et al., 1997; Un- to blockade of NSF. We do not propose that over the germann Weber et al., 1998) . NSF would timescale of our experiments the blockade of the NSFact on internalized (endocytosed) AMPA receptors to GluR2 interaction is causing a decrease in synaptic reremove attached proteins, for example the putative sponse due to the inhibition of newly synthesized AMPA AMPA receptor-interacting protein GRIP (Dong et al., receptors reaching the synapse. We interpret our data to 1997). If the action of NSF is prevented, for example by suggest that a significant proportion of AMPA receptors peptide block, the internalized receptors could not be recycle rapidly between membrane and peri-membrane appropriately processed ready for reinsertion into the pools and that NSF plays a central role in this process. postsynaptic membrane. Thus, blockade of the NSFGluR2 interaction would cause a reduction in the rate of insertion of AMPA receptors, resulting in a decrease Turnover Time for Functional AMPA Receptors A particularly intriguing aspect of our results is the sugin EPSC amplitude.
There are other explanations for our results, but these gestion that the half-life of a significant proportion of functional surface-expressed AMPA receptors in CA1 do not correspond so well with the current hypotheses for NSF function. For example, NSF could act as an neurons (synaptic half-life) is Ͻ1 hr. Indeed, in some peptide experiments EPSC amplitude declined much anchoring protein to bind functional, surface-expressed AMPA receptors and stabilize them in the postsynaptic more rapidly and reached near maximum depression within 15 min (see Figure 4a 2). Allowing for diffusion of membrane. Disruption of the NSF-GluR2 subunit interaction might then allow the receptors to undergo lateral the peptide to synapses and the off-rate of NSF-GluR2 binding, this suggests that the synaptic half-life of AMPA diffusion in the membrane away from the synapse or to be reinternalized. Lateral diffusion is unlikely to explain receptors can be Ͻ10 min. This provides evidence that there is a previously unsuspected constitutive rapid our results, since in the cell culture experiments there was a reduced response to exogenously applied AMPA, turnover of functional AMPA receptors at CA1 synapses under basal conditions. Presumably most of the AMPA which can access both synaptic and extrasynaptic surface-expressed receptors. Another possibility is that receptors that are removed from the synaptic membrane are subsequently reinserted, since the estimated de NSF binding to GluR2 holds the receptor in a functionally Affinity Chromatography novo synthesis time for neuronal AMPA receptors is in GST-ct-GluR2 and GST-ct-GluR3 fusion proteins were made using the order of 30 hr (Mammen et al., 1997; Huh and Went- the pGEX-4T-1 plasmid (Pharmacia). His6-NSF was expressed in the hold, personal communication; K. Archibald and J. M. H., pQEX plasmid (QIAGEN). In all cases, the manufacturers' recomunpublished data). Such a recycling model is supported mended protocols were followed. For rat brain cytosol, whole brains by the demonstration of pools of AMPA receptors within were removed, washed in ice-cold Tris citrate buffer (50 mM Tris [pH 7.4 with citric acid]) and homogenized in 2 vol of the same buffer spines (Richmond et al., 1996) . Furthermore, such a containing 1 mM phenylmethylsulfonyl fluoride (PMSF) and 1 g/ml rapid movement of receptors from within spines to the Pepstatin A using a polytron homogenizer (3 ϫ 20 s). The resultant PSD is likely to involve vesicular transport processes homogenate was centrifuged at 48,000 ϫ g for 20 min, and the for which evidence has recently been obtained in CA1 supernatant (designated as the cytosol) was either used immediately neurons (Spacek and Harris, 1997; Lledo et al., 1998). or stored frozen at Ϫ80ЊC. Aliquots (10 l) of washed glutathione Sepharose 4B (Pharmacia) were equilibrated in 10 mM PBS containing 0.1% Triton X-100 and then incubated with 200 l of either Physiological Significance of the control GST, GST-ct-GluR2, or GST-ct-GluR3 fusion protein (700-GluR2-NSF Interaction 800 g/ml protein) in PBS containing 1 mg/ml bovine serum albumin
The specificity of the interaction of NSF for GluR2 may (BSA) for 30 min at 4ЊC. The coupled Sepharose was washed and reflect the critical role of GluR2 in determining the functhen incubated with either rat brain cytosol, typically 1 ml (600 g/ ml protein) plus 1 mg/ml BSA or 100-200 l His 6-NSF cell lysate tional properties of the AMPA receptor complex. The (800 g/ml protein) diluted to 0.5 ml in PBS with a final concentration level of inhibition of AMPA receptor-mediated synaptic of 1 mg/ml BSA and 0.1% Triton X-100. The Sepharose suspensions transmission caused by the disruption of this interaction were incubated at 4ЊC for 60 min, pelleted by centrifugation, and is comparable to that which occurs during long-term washed with 2 ϫ 1 ml aliquots of ice-cold PBS (brain cytosol) or depression (LTD), an important model of synaptic plas-3 ϫ 1 ml aliquots of ice-cold PBS containing 0.1% Triton X-100 ticity in the mammalian CNS (Bear and Abraham, 1996) . followed by 1 ϫ 1 ml aliquot of PBS Triton X-100 at 37ЊC (His6-NSF cell lysate).
Therefore, the contribution to synaptic transmission of AMPA receptors under NSF-dependent regulation is
SDS-PAGE, Electrophoretic Transfer of Proteins,
likely to be highly significant in terms of information (for NSF) for secondary antibody using enhanced chemiluminescence (ECL).
For example, LTP involves an increase in postsynaptic AMPA receptor function (Davies et al., 1989) . This is Electrophysiology believed to be due, at least in part, to the rapid insertion Hippocampal Slices of AMPA receptors into synapses (Isaac et al., 1995;  Hippocampal slices were prepared from 12-to 18-day-old Wistar Liao et al., 1995; Benke et al., 1998) . It has been shown rats. Rats were anesthetized and decapitated, and the brain was recently that NEM, which inhibits NSF function, prevents placed in ice-cold extracellular solution. Transverse hippocampal induction of LTP (Lledo et al., 1998) . Our data indicate slices (400 m thick) were prepared on a vibratome and placed in a recovery chamber, submerged in extracellular solution, for 1-5 hr.
that the NEM-sensitive step is likely to be the NSF-GluR2
Slices were then placed in the recording chamber where they were interaction. Therefore, NSF regulation of AMPA receptor .0 amino acid residues) was subcloned into the yeast expression vector pBTM116ADE2 using Pst1 and BamHI. Following amplification MgATP, and 0.3 NaGTP (pH 7.2, 275 mOsm). The intracellular solution also contained the protease inhibitors bestatin (100 M), leuin E. coli, the pBTM116ADE2-ct-GluR2 plasmid was transformed into yeast strain L-40, and a yeast two-hybrid system screening was peptin (100 M), pepstatin-A (100 M), and the 10-amino-acid peptide (GluR2 r, GluR2m, GluR4cr, or GluR2s, 100 M; see Table 1 ). For done essentially as described previously (Vojtek et al., 1993 ) using a GAL4 activation domain fusion library in pGAD10 (MATCHMAKER the anti-NSF antibody experiments, the purified antibody (2E5 or 2C8) in PBS (5 l, 1 mg/ml) was dissolved in 95 l of the intracellular rat whole-brain cDNA library, Clontech). Interacting proteins were isolated by colony selection on Trp,His,Ura,Leu,Lys-dropout plates solution (final concentration, 50 g/ml). All peptide-or antibodycontaining intracellular solutions were made up and stored in exactly and subsequently by filter ␤-galactosidase assays. The specificity of the interaction between NSF and GluR2 was tested by transthe same way, and the pH and osmolarity of the solutions checked. EPSCs were evoked by afferent stimulation (at a frequency of 0.1 forming L-40 yeast containing pGAD10-NSF with the ct domains of the ionotropic glutamate receptor subunits GluR1, GluR2, GluR3, Hz) in the stratum radiatum using bipolar stimulating electrodes. In most cells, two pathways were stimulated alternately. The stimulatGluR4, and GluR6 and NMDAR1. Activation of the LacZ reporter was determined in liquid ␤-galactosidase assays as previously described ing electrode(s) was located proximal to the cell body layer so that synapses close to the soma were stimulated, thus ensuring that and expressed in units of enzyme activity (Miller, 1972) .
